Mizushima, Noboru N.; Xavier, Ramnik; Virgin, Herbert W.; and Swat, Wojciech, ,"Identification of Atg5-dependent transcriptional changes and increases in mitochondrial mass in Atg5-deficient T lymphocytes." Autophagy. 5,5. 625-635. (2009 Autophagy is implicated in many functions of mammalian cells such as organelle recycling, survival and differentiation, and is essential for the maintenance of T and B lymphocytes. Here, we demonstrate that autophagy is a constitutive process during T cell development. Deletion of the essential autophagy genes Atg5 or Atg7 in T cells resulted in decreased thymocyte and peripheral T cell numbers, and Atg5-deficient T cells had a decrease in cell survival. We employed functional-genetic and integrative computational analyses to elucidate specific functions of the autophagic process in developing T-lineage lymphocytes. Our whole-genome transcriptional profiling identified a set of 699 genes differentially expressed in Atg5-deficient and Atg5-sufficient thymocytes (Atg5-dependent gene set). Strikingly, the Atg5-dependent gene set was dramatically enriched in genes encoding proteins associated with the mitochondrion. In support of a role for autophagy in mitochondrial maintenance in T lineage cells, the deletion of Atg5 led to increased mitochondrial mass in peripheral T cells. We also observed a correlation between mitochondrial mass and Annexin-V staining in peripheral T cells. We propose that autophagy is critical for mitochondrial maintenance and T cell survival. We speculate that, similar to its role in yeast or mammalian liver cells, autophagy is required in T cells for the removal of damaged or aging mitochondria and that this contributes to the cell death of autophagy-deficient T cells.
Introduction
Macroautophagy (herein autophagy) is a multistep process by which portions of cytoplasm and/or organelles are sequestered in a double membrane structure (autophagosome) and delivered to lysosomes for degradation. 1 Autophagy has been implicated in many cellular functions, including cell survival during starvation and stress, cell death and cellular differentiation. 1, 2 However, the factors that determine whether the induction of autophagy contributes to cell survival or cell death in specific cell types are incompletely understood. 3 The molecular mechanism of autophagosome formation is evolutionarily conserved and requires two ubiquitin-like conjugation systems. One system generates conjugates of the proteins ATG5 and ATG12, which associate with ATG16 and are essential for elongation of the isolation membrane. 1, 4 The ATG5-ATG12 conjugate has E3 ubiquitin ligase-like activity for the second ubiquitin-like system, the ATG8 (LC3) conjugation system. 5 The second system results in the formation of LC3 conjugated to phosphatidylethanolamine (LC3-II), which can be readily differentiated from unconjugated LC3 (LC3-I) based on their electrophoretic mobilities. 1 Both systems require the enzyme ATG7, which has E1-like activity. 4 Mice deficient in either of the autophagy genes Atg5 or Atg7 die in the first day after birth. 6, 7 Autophagy plays a critical role in the development and survival of lymphocytes. It has been reported that autophagy contributes to cell death in T cells after growth factor withdrawal. 8 Additional studies suggest that autophagy is an important death pathway in T cells lacking FADD activity, caspase-8 or Irgm-1. 9, 10 However, other studies show that deletion of the autophagy gene Atg5 results in decreased survival of T lymphocytes. 11 A similar result is observed in B-1a B cells when Atg5 is deleted in B cells, 12 suggesting that autophagy plays a critical survival role in specific subsets of lymphoid cells. In addition, this process is also required in thymic epithelial cells for normal MHC-II peptide presentation and thymocyte selection. 13 Because autophagy and autophagy genes have many different roles in regulating the cellular environment, it is unclear how autophagy promotes lymphocyte survival.
One function of autophagy is the degradation of organelles to maintain cellular homeostasis. 14, 15 Many recent studies have suggested that autophagy is important in the maintenance of mitochondria. Deletion of autophagy genes in yeast or murine liver, β-islet cells, embryonic fibroblasts or macrophages results in the accumulation of damaged mitochondria. 7, [16] [17] [18] Similarly, inhibition of autophagy in mammalian fibroblasts leads to increased mitochondrial mass. 19, 20 Finally, imaging studies have revealed that opening of the mitochondrial permeability transition pore induces autophagy and the subsequent degradation of depolarized mitochondria. 21, 22 Together, these studies indicate that autophagy is important for the clearance of damaged mitochondria, which accumulate in the absence of autophagy and can cause alterations in cellular biology.
Here we use three different approaches to study the role of autophagy in T cells in vivo. We demonstrate that autophagy is a constitutive process in developing and mature T cells and that Atg5 and Atg7 are required for thymocyte development and peripheral T cell homeostasis. Using Atg5-deficient T cells and integrative computational analysis, we identify a thymocyte-specific transcriptional signature associated with deficiency of Atg5 in T cells and provide evidence that Atg5 is required for the survival and mitochondrial maintenance of peripheral T cells.
Results
Atg5 and Atg7 are required for the maintenance of developing and mature T lymphocytes. As a first step to understand the role of autophagy in T cells, we measured the levels of LC3-II as one marker of autophagic activity in developing and mature T lineage cells. We sorted thymic and peripheral T lineage subsets and probed the lysates with anti-LC3 antibodies. We observed robust LC3-II bands in all T cell subsets, indicating that autophagy is an active process in all stages of T cell development (Fig. 1A) . To confirm that autophagy is an ongoing process in T cells, we cultured thymoyctes for 4 hours in the presence of increasing concentrations of chloroquine. Chloroquine results in an accumulation of LC3-II in actively autophagic cells. 23, 24 As expected, LC3-II levels increased in a chloroquine dose-dependent manner (Fig. 1B) , indicating that autophagy was ongoing in these cells.
Recent reports indicate that the autophagy gene Atg5 is essential for normal T cell homeostasis, 11 however the mechanism by which Atg5 controls T cell survival and/or proliferation remains unknown. 
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of Atg5-deficient T cells. To address this issue, we deleted Atg7, another essential autophagy gene, from T cells using a conditional knockout approach similar to the one used above. We bred mice with conditionally targeted (floxed) Atg7 7 alleles to lck-Cre transgenics (Atg7 F/F Cre + ). We observed reduced expression of ATG7 in Atg7 F/F Cre + thymocytes by western blot analysis (Fig. 1E ). Similar to Atg5 -/-chimeras and Atg5 F/F Cre + mice, total thymocytes and peripheral CD4 + and CD8 + T cell numbers were also reduced in Atg7 F/F Cre + mice ( Fig. 2 and Table 1 ). Together these data indicate that autophagy is required for the maintenance of both developing and peripheral T lymphocytes.
A role for Atg5 in mitochondrial maintenance revealed by integrative computational analysis of whole-genome datasets. To obtain further insights into the functional pathways and networks through which autophagy maintains the T cell compartment, we developed an analytical framework that integrates gene expression analyses of wild-type and Atg5 -/-thymocytes from chimeric mice with diverse information extracted from various genomic screens and databases including Gene Ontology (GO) 30 for functional classification, HPRD 31 for molecular interactions, HomoloGene 32 for homology mapping of genes, and NCBI PubMed and MILANO for literature co-citation analyses. 32, 33 Whole-genome transcriptional profiling of Atg5 -/-and Atg5 +/+ thymocytes identified a set of 699 differentially expressed genes (of which 259 genes were upregulated and 440 downregulated in Atg5 -/-thymocytes, as compared to wild-type thymocytes) (Fig. 3A) , permitting us to explore functional clusters within the set of differentially expressed genes and identify putative pathways and networks relevant to Atg5 function in the T lymphoid lineage.
To ascertain whether the Atg5-dependent gene set was statistically enriched for genes implicated in subcellular compartment-associated processes, we first analyzed their annotations in Gene Ontology (GO) cellular component categories. Strikingly, the Atg5-dependent gene set was dramatically enriched in genes encoding proteins associated with the mitochondrion (p = 3.7 x 10 -4 ) and nucleus (p = 1.6 x 10 -4 ) (Fig. 3B) . The mitochondrion GO signature was particularly interesting given the suggested To address these issues, we generated two different mouse models to delete Atg5 in T cells. First, we used recombination activating gene (Rag)-1-deficient complementation 11, 12, 25 with E15.5-18.5 fetal liver cells from Atg5 -/-or Atg5 +/+ embryos. 6 We note that mice reconstituted with Atg5 -/-fetal liver cells have decreased viability compared with Atg5 +/+ reconstituted control mice (Supp. Fig.  1 ), however surviving young adult chimera mice appear generally healthy, permitting analysis of T cell development in this model. As an alternative approach, we generated Atg5-deficient T cells by breeding mice with conditionally targeted (floxed) Atg5 26 alleles to lck-Cre transgenics (Atg5 F/F Cre + ). In these experiments, Atg5 F/F Cre -mice were used as controls.
We first confirmed that T cells from these two mouse systems lack the ATG5 protein. Thymocyte lysates from Atg5 -/-chimeras showed no detectable ATG5 protein expression (Fig. 1C) . We also were unable to detect LC3-II (Fig. 1C) , indicating that autophagy is abrogated in the absence of ATG5 in T cells. ATG5 levels were also reduced in Atg5 F/F Cre + thymocytes (Fig. 1D ), however residual levels of the protein were still detectable upon overexposure of the membrane, in spite of efficient recombination of the Atg5 Flox locus in thymocytes from Atg5 F/F Cre + mice (Supp. Fig. 2 ).
We next analyzed the in vivo phenotype of Atg5-deficient T cells. In agreement with a previously published report, 11 thymus cellularity of Atg5-deficient chimeric mice analyzed between 6 and 13 weeks post fetal liver transfer was decreased approximately 2.4-fold compared to controls (Table 1) , although there were no discernable alterations in the percentages of DN, DP, CD4 + SP and CD8 + SP (Fig. 2) . Moreover, both the percentages and total numbers of CD4 + and CD8 + T cells in the lymph nodes and spleens of Atg5 -/-chimeric mice were decreased compared to Atg5 +/+ chimeras ( Fig. 2 and Table 1 ). A similar reduction in total numbers of thymocytes and peripheral T cells was observed in Atg5 F/F Cre + mice compared to littermate controls ( Fig. 2 and Table 1 ). We conclude that the decrease in T cell numbers is a result of T cell-intrinsic effects of the loss of Atg5.
It is possible that other functions of Atg5 apart from its role in autophagy [27] [28] [29] may contribute to the phenotypic abnormalities Data are mean ± SEM and represent multiples of 10 6 cells. The number of mice per group is indicated in parentheses. Chimera mice were analyzed between 6 and 13 weeks post-reconstitution. Atg5 F/F Cre mice were analyzed between 6 and 13 weeks of age. Atg7 F/F Cre mice were analyzed between 8 and 14 weeks of age.
the Atg5-dependent gene set might be involved. We extended this analysis to include other terms associated with various general cellular processes (e.g., endocytosis) and also events specific to T lineage cells and immune function (Suppl. Fig. 3B ). Notably, this analysis revealed described associations in the generation of reactive oxygen species (ROS), lymphocyte activation and lymphocyte proliferation (Suppl. Fig. 3B ) in the context of potential functions of Atg5 in T lineage cells. Consistent with the requirement of Atg5 in the formation of autophagosomal structures in T cells, our analyses also revealed a connection of Atg5 with phagocytosis, endocytosis and lysosome formation/function (Suppl. Fig. 3B and ref. 28 ). Taken together, these transcriptional profiling and computational analyses of orthogonal data, ranging from gene coregulation to protein-protein interaction network with pathway analysis, suggest a role for Atg5 in mitochondrial maintenance and function.
Survival and proliferation defects in Atg5-deficient T cells. Given these transcriptional alterations in Atg5-deficient T cells, we further characterized the T cells that develop in the absence of Atg5. The expression of the maturation marker CD24 (HSA) was similar between wild-type and Atg5-deficient T cells, indicating that peripheral Atg5-deficient T cells were phenotypically mature. Strikingly, however, we observed an alteration in the expression of markers associated with activation/memory/homeostatic expansion, CD44 and CD62L ( Fig. 4A and B) . While the majority of wild-type lymph node and splenic T cells were CD62L high CD44 low , Atg5-deficient T cells were predominantly CD44 high and CD62L low . Peripheral T cells from Atg7 F/F Cre + mice had a similar expression profile for CD44 and CD62L (data not shown). Increased cell surface expression of CD44 and decreased expression association between autophagy and mitochondrial maintenance. We identified 64 mitochondrial-associated genes in the Atg5-dependent gene set (Fig. 3A) from GO annotation and a recent comprehensive genome-wide survey of genes participating in mitochondrial-associated processes. 34 This Atg5-dependent gene set GO signature strongly suggests a role for Atg5 in mitochondrial function and/or maintenance.
As an additional computational strategy to elucidate potential connections of Atg5 with mitochondrial function, we projected the Atg5-dependent gene set onto human orthologs and generated a human protein-protein interaction (interolog) network (Fig. 3C) . The network was built by interrogating data from the HPRD database which contains protein-protein interactions from the literature and from multiple large-scale interactome datasets. We next intersected this network analysis with GO cellular compartment annotations. This approach yielded mitochondrionanchored subnetworks which we then extended by an additional degree of separation, thereby including non-Atg5-dependent gene set proteins that interacted with mitochondrion-associated Atg5-dependent gene set-encoded products. We observed that many of these interacting partners are also annotated as mitochondrial related, further supporting the involvement of an enriched subset of Atg5-dependent gene set in mitochondrial processes.
We present a diagrammatic summary of the key mitochondrialassociated Atg5-dependent genes in Figure 3D , assembled from gene ontology annotations, network data, pathway information and literature (PubMed) co-citation analysis incorporating search terms such as 'mitochondrial biogenesis,' 'mitochondrial permeability' and 'electron transport' (Suppl. Fig. 3A ) to gain additional insights into various mitochondrial processes or events in which Atg5-deficient splenic CD4 + and CD8 + T cells from both Atg5 -/-chimeric and Atg5 F/F Cre + mice relative to controls (Fig. 6A and  data not shown) . The Mitotracker staining of thymocytes from Atg5 -/-chimeras was similar to wild-type cells, suggesting that the increase in mitochondrial mass occurred as the T cells aged (data not shown).
We next asked if alterations in mitochondrial mass correlated with the decrease in cell survival in Atg5-deficient T cells. We costained splenocytes from Atg5 F/F Cre + and Atg5 F/F Cre -mice with Mitotracker green and Annexin-V. CD4 + and CD8 + T cells that were Mitotracker high had a significantly higher percentage of cells that were Annexin-V + compared with Mitotracker low T cells (Fig. 6B) (Fig. 6B) . These data show that mitochondrial mass correlates with Annexin-V staining in CD4 + and CD8 + T cells, suggesting that the increase in mitochondrial mass in Atg5-deficient T cells correlates with increased death in these cells.
Discussion
Our data suggests that autophagy is an active process during all stages of T lymphocyte development and that deletion of the essential autophagy genes, Atg5 and Atg7, results in profound abnormalities in T cell maintenance. In addition, we showed that Atg5 is important for T cell survival. Transcriptional profiling of Atg5-deficient thymocytes suggests abnormalities in mitochondria in the absence of this autophagy gene. This hypothesis is supported by studies indicating that there is an increase in mitochondrial mass in peripheral Atg5-deficient T cells. Mitochondrial mass is correlated with Annexin-V staining of peripheral T cells, suggesting a link between mitochondrial abnormalities and Atg5-deficient T cell death. Given our gene chip and mitochondrial mass results, we propose that autophagy is required in T lymphocytes for normal mitochondrial maintenance.
Although dramatic mitochondria-related transcriptional changes were observed in thymocytes, we did not observe an increase in mitochondrial mass in Atg5-deficient thymocytes, but only in peripheral Atg5-deficient T cells. Despite the two-fold decrease in thymus cellularity in Atg5 -/-chimeras, we also did not observe an increase in Annexin-V staining in the thymus, consistent of CD62L have been reported in T cells undergoing homeostatic expansion. [35] [36] [37] [38] [39] Importantly, expression levels of T cell antigen receptor did not appear altered in the Atg5-deficient T cells, nor were there significant differences in the expression of the early activation markers CD25 and CD69 (Fig. 4A) , consistent with the hypothesis that Atg5-deficient T cells may be responding to homeostatic rather than antigen-induced expansion signals. 40 T cells in lymphopenic mice undergo multiple rounds of proliferation in order to reach peripheral homeostasis. 41 The decreased number of peripheral T cells together with a surface phenotype indicative of homeostatic expansion suggest that Atg5-deficient T cells may be unable to populate the peripheral lymphoid organs, possibly due to survival defects, resulting in a compensatory proliferative response. Consistent with this view, we found that freshly isolated T cells from Atg5 -/-chimeras contained a significant proportion of cells undergoing death as indicated by Annexin-V staining among both the CD62L low and CD62L high populations. Compared to wild-type cells, the proportion of Annexin-V + cells was 1.5-to 2-fold higher in CD62L low Atg5-deficient T cells, and 3-to 7-fold higher in CD62L high Atg5-deficient T cells (Fig. 4C) . Annexin-V staining was also elevated in CD62L high populations of Atg5 F/F Cre + T cells (Fig. 4D) . These data indicate the requirement for Atg5 in the survival of T lymphocytes.
Consistent with the results of Pua et al. 11 Atg5-deficient T cells exhibited a severe defect in TCR-induced proliferation (Fig.  5) . We purified CD62L high T lymphocytes from control and Atg5 -/-chimeras, labeled them with CFSE, stimulated them with anti-CD3 and anti-CD28 antibodies, and analyzed proliferation at 72 hours. We also measured blast formation using T cells stimulated with anti-CD3 and anti-CD28 antibodies for 40 hours. We observed a severe reduction in proliferation and the ability to form blasts in Atg5-deficient T cell cultures compared to controls (Fig.  5) . We conclude that Atg5 is important for T cell survival and proliferation after antigen receptor stimulation.
Increased mitochondrial mass in Atg5-deficient T lymphocytes. Our transcriptional profiling analyses of Atg5-deficient T cells raised the possibility that the defects in T cell homeostasis observed in the absence of Atg5 are due to impaired mitochondrial function. To determine if mitochondria were normal in the absence of Atg5, we analyzed mitochondrial mass/volume in single cells using the vital dye Mitotracker green, a mitochondrial specific dye. We observed an increase in Mitotracker staining in Expression values for each probeset were z-score-transformed across all arrays and their intensities above and below the mean are represented on the heatmap by red and green colors respectively, as shown on the color bar. Genes were hierarchically clustered using Cluster 3.0 and visualized with Java TreeView. Tick markings highlight 64 differentially expressed mitochondrial genes, whose expression profiles are displayed by the heatmap on the right. (B) Differentially expressed genes were classified into gene ontology (GO) cellular component categories. Categories assigned with at least 3 genes are displayed as a pie chart, with enrichment p-values shown in brackets alongside each category. The bar chart displays enrichment p-values as negative log-transformed values, which reveals a dramatic enrichment of mitochondria-and nucleus-associated genes. (C) Construction of human protein-protein interaction (interolog) network. Differentially expressed genes were mapped onto human orthologs for which interaction data was available. Circles representing upregulated components are colored red and downregulated components green. Solid lines denote protein-protein interactions. Mitochondrion-anchored subnetworks (highlighted by the yellow region) emerged when extending connections by an additional degree of separation, capturing components of interest (blue circles) in the functional neighborhood of mitochondrial-related genes that were found to be differentially expressed. Network clusters containing connections between at least 3 components are displayed. (D) Diagrammatic mitochondrion representation showing key differentially expressed gene products participating in mitochondria-associated processes. Red and green ovals denote differentially up and downregulated components respectively. Functional associations with biological processes are represented by dashed lines. Stimulation and proliferation assays. Single cell suspensions from the spleens and lymph nodes of chimeric mice were first B cell depleted using negative selection with anti-B220-Dynal beads (Invitrogen, Carlsbad, California), followed by positive selection for CD62L high lymphocytes. Briefly, cells were incubated with biotin-conjugated anti-CD62L antibody (Caltag, Carlsbad, California) followed by antibiotin MACs beads (Miltenyi Biotec, Auburn, California) and isolated according to the manufacturer's instructions. CD62L high purities were greater than 90%. T cells were plated at 1 x 10 6 /mL in complete media (DMEM (Gibco, Carlsbad, California) plus 10% fetal calf serum (FCS), 100 Units/ mL penicillin, 100 ug/mL streptomycin, 1 mM sodium pyruvate, 2 mM L-glutamine, 1x non-essential amino acids (Gibco, Carlsbad, California) and 57 uM β-mercaptoethanol). Cells were stimulated with 1.0 μg/mL anti-CD3 and 1.0 μg/mL anti-CD28 with a previous report. 11 We hypothesize that we are unable to detect mitochondrial abnormalities because the cells have not yet accumulated sufficient damaged mitochondria to die. Alternatively, the actively phagocytic cells of the thymus responsible for the normal elimination of thymocytes that have failed the selection process 42 may be quickly removing those Atg5-deficient thymocytes that have accumulated damaged mitochondria. It is interesting that the transcriptional signature observed here for Atg5-deficient thymocytes is quite distinct from the signature observed in either Paneth cells or thymocytes cells that express lower than normal levels of ATG16L1. 43 This suggests that the transcriptional response to autophagy gene-deficiency may differ depending on the primary cell type involved. This is important since it may explain potential differences in the role of autophagy genes in closely related cells. 12 We utilized three different approaches in this study to address the importance of autophagy genes in T lineage cells. In the first approach, Rag1 -/-complementation, analysis of Atg5 -/-T cells is potentially complicated due to the decrease in viability of Atg5 -/-chimeras and the deletion of Atg5 in other hematopoietic cell types in addition to T cells, resulting in defects in other cell lineages. 12 By using a conditional knockout approach we ascertained that Atg5 is required within T cells for their maintenance in vivo. Our western blot results suggest that deletion of the Atg5 flox alleles may be incomplete in some cells or that the ATG5 protein may be retained for a significant time after gene deletion. Despite these caveats, given that the in vivo phenotypes of Atg5 -/-, Atg5 F/F Cre + and Atg7 F/F Cre + T cells are similar, it is likely that these phenotypes are due to the lack of autophagy in T cells, and not due to nonautophagy functions of Atg5 27 or Atg7. However, since ATG7 is essential for the conjugation of ATG5 to ATG12, 4, 44 it is possible that a nonautophagy role of the ATG5-12 conjugate is responsible. Further studies will be necessary to distinguish between these possibilities.
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Materials and Methods
Mice and cells. The generation of Atg5 -/-, Atg5 F/F and Atg7 F/F mice has been previously described. 6, 7, 26 Chimeric mice were generated by reconstituting sublethally irradiated B6.129S7-Rag1 tm1Mom/ J (Rag1 -/-, The Jackson Laboratory, #002216) mice with Atg5 +/+ or Atg5 -/-fetal liver cells, as previously described. 12 Atg5 F/F and Atg7 F/F were bred to lck-Cre (C57BL/6NTac-TgN(Lck-Cre)) transgenic mice (Taconic, #004197, Hudson, New York). Mice were maintained at Washington University School of Medicine in accordance with institutional policies for animal care and usage. Atg5 -/-and Atg5 +/+ embryonic fibroblasts were generated from day 13.5 embryos. To establish immortalized cell lines, 10 6 cells were transformed with 1ug of pEF321-T, an SV40 large T antigen expression vector (a gift from T. Hansen), by the FuGENE HD transfection reagent (Roche, Basel, Switzerland) according to the manufacturer's instructions.
Genotyping. Genotyping of the mice was performed as described, 7, 26 with the Cre gene detected with primers cre1 (AGG TTC GTT CAC TCA TGG A) and cre2 (TCG ACC AGT TTA (BD Biosciences, San Jose, California). Thymocytes were sorted on a FACS Vantage SE (BD Biosciences, San Jose, California) by FSC/SSC gating on a live lymphocyte population, followed by gating out CD11b + , CD11c + and B220 + cells. The remaining cells were then sorted based on expression of CD4 and CD8. Purities were greater than 94% for each population (n = 4 independent experiments). Peripheral CD4 + and CD8 + T cells were isolated using negative selection by MACS magnetic bead sorting according to the manufacturer's instructions (Miltenyi Biotec, Auburn, California). Peripheral T cells were negatively selected from pooled spleen and lymph node samples, followed by negative selection against either CD4 + or CD8 + cells. Purities averaged (BD Biosciences, San Jose, California). To label cells with CFSE, cells were incubated with 1 μM CFSE (Invitrogen, Carlsbad, California) for 30 minutes at 37°C and then washed in complete media. Labeled cells were cultured with the indicated stimuli for 72 hours and then analyzed by flow cytometry.
Flow cytometry and cell sorting. Single cell suspensions were prepared from the spleens, thymus, and lymph nodes and stained with antibodies recognizing TCRβ, CD4, CD8, CD24, CD25, CD44, CD62L and CD69 (BD Biosciences, San Jose, California). Annexin-V labeling was performed by surface staining cells with the indicated lineage markers, washing with complete media, and staining for 15 minutes with Annexin-V literature entries in HPRD. 31 The network uses graph theoretic representations, which abstract components (gene products) as nodes and relationships (e.g., interactions) between components as edges, implemented in the Perl programming language.
Literature co-citation analysis. Co-citation analysis was performed using Milano search, 33 identifying the number of times a gene was co-cited with a specified term in articles from the PubMed database. Vectors capturing the co-citation profiles for each of these genes were generated for a set of terms and clustered using pairwise complete-linkage hierarchical clustering with the Pearson's correlation coefficient as the similarity measure. The results were displayed as a heatmap implemented in the Python language.
